Many urban farmers in Accra collect irrigation water from streams and open drains, which they store in small, on-farm ponds before use. Given that this water can be highly contaminated with wastewater, another potential role of the ponds is to disinfect irrigation water prior to use. To better understand the factors influencing bacteria and virus removal in these small ponds, we investigated the removal of culturable fecal indicator bacteria (Escherichia coli and enterococci) and coliphage (Fþ and somatic coliphage) in a single batch of water stored for 3 days. Sunlight exposure was found to be important for removal. Bacteria and coliphage removal rates were faster in shallow sun-exposed water than in deeper water, due to sunlight attenuation with depth. Bacteria removal rates varied depending on solar irradiation, and correlations between total daily UVB fluence and bacteria removal rates were observed. Coliphage removal was observed in sun-exposed water but not in dark controls that allowed for sedimentation, further highlighting the importance of sunlight-mediated processes. These small ponds appear to have similar disinfection processes to larger-scale waste stabilization ponds, but can have more efficient inactivation due to their shallow depth and operation as batch reactors. Design and management recommendations for on-farm ponds are discussed.
INTRODUCTION
Urban agriculture in Ghana's capital city, Accra, is an important example of wastewater-irrigated agriculture practised across the sub-region (Drechsel et al. ) . Due to limited financial resources, institutional capacity, accountability and maintenance of existing facilities, the majority of wastewater treatment facilities in the city are not in operation (Murray & Drechsel ) . As a result, untreated greywater and sewage (collectively referred to here as 'wastewater') flow directly and indirectly into open drains and streams, which are the primary sources of water used by farmers in Accra to irrigate vegetables. Irrigation waters used by urban farmers in Ghana were found to contain fecal indicator bacteria at concentrations that exceed the limit suggested by the World Health Organization (WHO) for the use of wastewater in agriculture (Mensah et al. or adjacent to their farm plots (typical volumes range from 2 to 5 m 3 ) into which they pump and then store irrigation water (Drechsel et al. ; Keraita et al. a; Reymond et al. ) ; it is from these small ponds that farmers fill watering cans for overhead irrigation. Irrigation frequency varies with climate and is usually twice a day in Accra during the dry season, while as little as three times a week in cooler locations, such as Addis Ababa. Keraita et al. (a) and Reymond et al. () reported that on-farm ponds in Ghana can reduce thermotolerant coliform and helminth egg concentrations, leading some to suggest that small on-farm ponds should be included as a component of the WHO's multi-barrier approach to reduce health risks associated with wastewater irrigation (WHO ;
Cofie et al. ), especially if modified for higher efficiency disinfection (Keraita et al. ) . Similar to larger waste stabilization ponds (WSPs) that are designed to treat wastewater at a low cost and with minimal maintenance, it is hypothesized that small ponds reduce pathogen and fecal indicator organism concentrations through predation, sedimentation and inactivation by sunlight-mediated processes (Mayo ; Davies-Colley ) .
This study builds upon research by Keraita et al. (a) and Reymond et al. () by investigating the removal of two additional groups of fecal indicator bacteria (Escherichia coli and enterococci) and two viral indicators (somatic and Fþ coliphage) in a typical on-farm pond in Accra. The goals of this study were to: (1) better understand the factors that influence bacteria and virus removal within the pond; and (2) determine microorganism inactivation rates. Based on the results of this and previous studies, we provide recommendations for the design and operation of on-farm treatment ponds.
METHODS

Experimental design and sampling
Two independent experiments were conducted with slightly different sampling methodologies. Both experiments were conducted using a farmer-dug pond located on an urban farm in Accra's Airport Residential neighbourhood, where up to two dozen vegetable farmers share approximately a dozen ponds on approximately 3 ha of land. The experimental pond was typical of those used by urban farmers in Ghana (Keraita et al. a; Reymond et al. ) and was used regularly by farmers to store and fetch irrigation water. The pond was approximately 3 m in diameter by 0.5 m deep; a pond of this size can hold around 3 days of irrigation water, considering plot sizes and irrigation frequency in Accra. Both experiments were conducted over the course of 3 days; the pond was filled at 18:00 the night before the experiments began with stream water augmented with effluent from a nearby, non-functioning wastewater treatment facility (approximately 3.5% of pond volume).
Pond water sat undisturbed for 12 h prior to the start of experiments, during which time viruses and bacteria associated with large particles may have settled out of the water column. The pond had no inlet or outlet, and was operated as a batch reactor with no manual mixing. While farmers typically use the ponds continuously, the farmers did not add water to or collect water from the pond during the course of the experiments presented here, and the water was not disturbed in any way. Experiments were conducted in August 2010 and September 2011.
In Experiment 1, samples were collected from two regions of the pond (from: (1) a sun-exposed, open water section where samples were collected approximately 0.5 m from the pond edge; and (2) a sun-blocked section) and at two depths in each region: 10 cm below the pond surface (shallow samples) and 10 cm above the pond sediment (deep samples); a diagram of the pond and sampling locations is presented in Figure 1 . The sun-blocked section consisted of a covered, 40-cm diameter plastic pipe inserted into the pond to create a column of water with similar characteristics to those of the rest of the pond, but without exposure to sunlight; there was headspace between the water surface and the cover of the column, and the cover was not airtight, which allowed for oxygen exchange at the water surface. Dark control samples collected from this 'dark column' were analyzed to help distinguish mechanisms of bacteria and virus removal: the dark column eliminated the potential for sunlight-mediated inactivation, but retained the possibility of removal due to sedimentation and predation. However, there is a possibility that the conditions within the dark column were not exactly the same as those in the rest of the pond (e.g. temperature, mixing and the effect of air movement above the pond), which present a potential to enhance sedimentation compared to the rest of the pond.
Deep-water samples were collected using sampling ports installed in the pond, which consisted of L-shaped plastic pipes that allowed water collection at a consistent depth without disruption of pond stratification. The top of the sampling ports extended out of the top of the pond to allow for the insertion of sampling tubes, and the bottom was located 10 cm above the bottom of the pond. The dark column and sample ports were installed after filling the pond. The sunexposed region of the pond was sampled every 4 hours starting at sunrise and ending at sunset (at 06:00, 10:00, 14:00 and 18:00). The dark column was sampled at 06:00 and 18:00.
Samples were collected using a hand-operated vacuum pump connected to sterile PVC tubing and polypropylene collection bottles; two tube volumes were pumped and discarded before collecting each sample.
In Experiment 2, water was collected from the pond in a manner that sampled the entire water column, and the sunblocked section was not included. Samples were collected using a bucket that was sterilized with 70% ethanol, wiped dry and rinsed with pond water before use. The bucket was used to scoop water from the pond in a manner that collected water from a cross-section of the pond depth; an effort was made not to resuspend sediments. Samples were collected every 4 hours starting at sunrise and ending at sunset (at 06:00, 10:00, 14:00 and 18:00), over the course of a 3-day period. Samples were poured into acid-washed, opaque, plastic cubitainers for transport.
For both experiments, samples were placed on ice in the dark, transported to the laboratory and analyzed immediately. A negative control consisting of sterile deionized water was analyzed each day for all microbiological assays.
Bacteria analyses
All water samples were analyzed for E. coli and enterococci concentrations by membrane filtration with 47-mm diameter, 0.45-μm pore size, mixed cellulose ester HA filters (Millipore).
E. coli concentrations were quantified by plating filters on mI agar (BD) and incubating for 24 h at 37 W C. Enterococci concentrations were quantified by plating filters on mEI agar (BD) and incubating for 24 h at 41 W C. E. coli and enterococci plates were enumerated as colony forming units (CFUs).
Coliphage analyses
Water samples collected at 06:00 and 18:00 during 
Data analysis
First-order, observed removal rate constants (k obs ) for each organism and sampling location were calculated for each day between the hours of 06:00 and 18:00. k obs was calculated as the negative slope of the linear regression trend line of ln(C t /C o ) versus time (t), where C o is the concentration of a particular bacteria or coliphage measured at 06:00 and C t is the concentration at t. Bacteria k obs in the sun-exposed section of the pond were calculated using four data points, while dark column k obs were calculated using two data points. Unless noted otherwise, average k obs over the course of each 3-day experiment was calculated as the mean of three daily k obs . Statistical analysis and graphs were made using GraphPad Prism (v6.0c).
RESULTS AND DISCUSSION
Environmental and pond water characteristics Experiments were conducted during the rainy season in southern Ghana (August 2010 and September 2011); however, there was no precipitation during experiments.
Cloud cover ranged from partly cloudy to overcast. UVB irradiation measured at the pond surface is presented in Figure 5 . The pond water was green in colour, and the pH and DO concentration in the sunlit region of the pond increased from an average of 7.9 and 3.4 mg/L, respectively, at 06:00 to an average of 9.6 and 19.4 mg/L, respectively, at 14:00, indicating algae presence and high rates of photosynthesis. Absorbance measurements indicated that the pond water attenuated light: 99% of 300 and 550 nm light was attenuated at depths of 2.9 and 7.4 cm, respectively ( Figure 2 ).
Bacteria removal
During Experiment 1, bacteria concentrations were observed to decrease faster in the sun-exposed section of the pond than in the dark column ( Figure 3 ). The overall decrease in concentration of bacteria in the sun-exposed section over the course of 3 days in Experiment 1 was 1.7 log for E. coli and 1.8 log for enterococci. Overall bacteria removal in the dark column was 0.95 log for E. coli and 1.1 log for enterococci, which account for only 20% of the bacteria removal observed in the sun-exposed pond water.
Little bacteria removal occurred in the dark column until the third day and night.
The dark column was designed to allow sedimentation to occur but not sunlight exposure; enhanced rates of bacteria removal in the sun-exposed section are attributed to sunlight-mediated inactivation, while all bacteria removal in the dark column is attributed to dark processes such as While the overall rates of bacteria removal observed in the shallow and deep regions of the sun-exposed pond were similar, the trend during daylight hours was different at the two depths (Figures 3 and 4 ). For the shallow samples, the greatest decrease in bacteria concentrations occurred during the day, with little to no decrease at night. For the deep sunexposed samples, the decrease in bacteria concentrations was slower during the day than in the shallow samples, followed by an additional decrease overnight, as measured the following morning. The most likely explanation for these Experiments 1 (open squares) and 2 (filled circles). E. coli R 2 ¼ 0.94; enterococci R 2 ¼ 0.79. (c) Total UVB fluence predicted for the 21st day of each month by the SMARTS radiative transfer model (Gueymard 2005) ; for reference, Experiments 1 and 2 were conducted in August and September, respectively. sun-exposed section. However, the bulk of the coliphage removal observed in the deep sun-exposed section occurred at night, with insignificant inactivation occurring during the day (Figures 3 and 4) . As with the trend seen for bacteria removal, this could be due to thermal stratification of the pond during the day and mixing at night. Interestingly, a reduction in coliphage concentrations was also seen in the shallow sun-exposed section at night (nights 1, 2 and 3 for somatic coliphage and night 2 for Fþ coliphage). Two possible explanations for this finding are continued inactivation or removal of the viruses at night, or error or variability in virus concentration measurements given that measurements at night were based on only two time points.
Insignificant coliphage removal was observed in the dark column, indicating that sunlight was essential for coliphage removal and dark processes (e.g. sedimentation and predation) did not contribute.
CONCLUSIONS AND IMPLICATIONS FOR POND MANAGEMENT
Conclusions from this and previous research can be used to make suggestions for management of small on-farm ponds to maximize disinfection. We found that sunlight is impor- for insect larvae, such as mosquitos (Lloyd ) . Given the concern that urban agriculture and WSPs can increase the risk of malaria and other vector-borne diseases (Drechsel et al.  and ref. within) , efforts must be made to reduce vector habitats, especially in regions endemic with diseases such as malaria, dengue fever and schistosomiasis.
Conversely, suspended algae can be beneficial for pond disinfection. When exposed to sunlight, algae photosynthesis increases pond water pH and DO concentration, which can increase microorganism inactivation rates The two-phase system presented in Scheme 3 promotes two treatment mechanisms (i.e. sedimentation for helminths and sunlight disinfection for bacteria and viruses). If Scheme 3 is properly designed and managed, so that all sedimentation occurs before water enters the second ponds, only the single upstream sedimentation pond would require desludging. However, we realize that this scheme may not be a feasible option due to increased labour and land requirements. If digging multiple ponds is not an option, we recommend determining whether bacteria and viruses or helminths are the greater water treatment priority in a particular setting, and designing the pond to meet that need.
No matter which treatment scheme is deemed most appropriate, overarching challenges with on-farm wastewater treatment include limited land availability, insecure land tenure, and lack of incentives for farmers to accept 
